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Introduction
Polypyridyl derivatives are widely used as ligands in coordination chemistry and as building blocks for the generation of supramolecular structures [1] . Many polypyridyl derivatives are commercially available and many others are straightforward to synthesise, which undeniably make them very popular in coordination chemistry. Among these polypyridyl ligands, we have been particularly interested in 2,4,6-tri(pyridyl)-1,3,5-triazine derivatives [2] .
Although several non threefold symmetrical isomers of 2,4,6-tri (pyridyl)-1,3,5-triazine can be drawn, only one derivative is known, 2,4-di(pyridyn-2-yl)-6-(pyridyn-4-yl)-1,3,5-triazine, and it has been only sparingly used in coordination chemistry. On the other hand, all threefold symmetrical isomers of 2,4,6-tri(pyridyl)-1,3,5-triazine, viz. 2,4,6-tri(pyridine-2-yl)-1,3,5-triazine (2-tpt) , 2,4,6-tri (pyridine-3-yl)-1,3,5-triazine (3-tpt) and 2,4,6-tri(pyridine-4-yl)-1,3,5-triazine (4-tpt) , have been extensively engaged in coordination chemistry. These highly symmetrical derivatives are presented in Fig. 1 .
Nevertheless, symmetrical and asymmetrical isomers possess very distinctive coordination properties, and therefore offer diversity and complexity in the structures obtained. This review intends to emphasize these coordination differences and to show the attractiveness of this family of versatile ligands for the construction of complexes, coordination networks, metallo-porphyrin arrays and metalla-assemblies. Moreover, the various synthetic routes to obtain 2,4,6-tri(pyridyl)-1,3,5-triazine derivatives and their stability are discussed.
Synthesis of 2,4,6-tri(pyridyl)-1,3,5-triazine derivatives
Trimerization of cyanopyridine under basic condition remains the most common route to prepare 2,4,6-tri(pyridyl)-1,3,5-triazine derivatives. 2,4,6-Tri(pyridin-2-yl)-1,3,5-triazine (2-tpt) was the first derivative to be synthesised [3] . Reaction of 2-cyanopyridine in the presence of a catalytic amount of sodium hydride at 160e165 C for 5 h afforded 2-tpt in reasonable yield (Scheme 1). The synthetic strategy to obtain 2-tpt was based on the synthesis of 2,4,6-triphenyl-1,3,5-triazine, published a few years earlier [4] .
The synthesis of 3-tpt and 4-tpt followed a similar strategy using respectively 3-cyanopyridine and 4-cyanopyridine in the presence of potassium hydroxide and 18-crown-6 in decalin at 200 C [5] . This procedure conveniently replaced the initial method to prepare 4-tpt introduced by Biedermann and Wichmann requiring strong base and high pressure [6] .
The 2-tpt and 4-tpt can be obtained as well under catalytic conditions using Ln 3þ derivatives as catalysts [7] . The reaction of cyanopyridine with ammonia (Eq. (1)) or n-hexylamine in the presence of catalytic amount of lanthanide(III) ion produced the corresponding 2,4,6-tri(pyridyl)-1,3,5-triazines in excellent yield.
A few years ago, an asymmetric isomer, 2,4-di(pyridyn-2-yl)-6-(pyridyn-4-yl)-1,3,5-triazine (2,2,4-tpt) , has been prepared from the reaction of an equimolar amount of 2-cyanopyridine and 4-cyanopyridine with sodium hydride as catalyst at 180 C (Scheme 2). The mixture of isomers obtained (2-tpt, 4-tpt, 2,4,4-tpt and 2,2,4-tpt) was separated by complexation with Ni(II) and after decomplexation, the 2,2,4-tpt isomer was isolated by recrystallisation from ethanol [8] .
3. Coordination chemistry of 2,4,6-tri(pyridin-2-yl)-1,3,5-triazine (2-tpt)
The 2-tpt ligand, which is commercially available, has been mainly used analytically in the spectroscopic determination of transition metals [9] . Several transition metal and lanthanide ions react with 2-tpt to form metal complexes. The possibility for the polypyridyl ligand to coordinate metals in different modes has been Scheme 1. Synthesis of 2,4,6-tri(pyridin-2-yl)-1,3,5-triazine from 2-cyanopyridine and sodium hydride [3] . (2,2,4-tpt) [8] . 
Scheme 3. . These dinuclear complexes built with the 2-tpt ligand are described in Section 3.2. Studies have showed that the coordination of a second metal centre to 2-tpt is difficult due to the deactivation of the triazine ring by the inductive effect of the first coordinated metal centre and by the steric clash between hydrogen atoms and the potential incoming metal ions (Fig. 2 ) [10] . Consequently, further coordination to 2-tpt to form trinuclear complexes is even more difficult, and as showed in Section 3.3, examples in which 2-tpt coordinates three metal centres (forms G 3 or H 3 ) are extremely rare.
Mononuclear derivatives
Mononuclear complexes have been obtained with almost all transition metals. The most common coordination mode adopted by 2-tpt is the terpyridine-like form ( [23] are found in the literature. The molecular structure of a typical mononuclear complex of the form A 1 is showed in Fig. 3 . [26] , but is observed as well with penta-and hexavalent metal centres such as Co 2þ [28] , Ni 2þ [28, 29] , Cu 2þ [28] , Zn 2þ [28, 30] Partial hydrolysis of 2-tpt has been occasionally observed where a ring opening reaction of the triazine core occurs [31a] . The reaction between
, see Scheme 5. Steric hindrance and electronic considerations have been discussed, but no conclusive explanation for this partial hydrolysis of 2-tpt has been given. Both hydroxylation [21b] and methoxylation [33b,39] at the carbon atom of the triazine ring have been observed for some dinuclear complexes of 2-tpt, see Scheme 6. The coordination of two metal centres to 2-tpt leads to a destabilisation of the triazine ring by enhancing electron deficiency, thus allowing nucleophilic attack at the carbon atom on the triazine ring adjacent to the uncoordinated pyridyl ring.
Dinuclear derivatives
The synthesis of dinuclear complexes with 2-tpt ligand can be achieved in one or two steps. Homo-dinuclear complexes are in general prepared in one step, while hetero-dinuclear complexes are only obtained in two steps from a mononuclear 2-tpt derivative to which a second metal centre is added subsequently. [44] . In this dimer, one silver atom is coordinated through a terpyridine-like site, while the other uses a bipyridine-like site, thus giving rise to two dinuclear 2-tpt moieties of the coordination form C 2 linked by a CF 3 COO À bridge. One half of the dimeric species is presented in Fig. 7 showing the typical C 2 coordination form in the solid state. Likewise, the dinuclear Hg 2þ complex, [Hg 2 (CF 3 COO) 4 (2-tpt)], has been found by X-ray structure analysis to adopt the C 2 coordination form as well [45] .
Interestingly, complexes including Pt 2þ ions have been found not only in the relatively common D 2 coordination form [46] , but as well in the unique F 2 coordination mode [47] which involved a bipyridine-like bidentate coordination site together with a monodentate pyridyl group. The reaction of the salt K 2 PtCl 4 with 2-tpt in a water/ethanol mixture give rises to the trinuclear complex [{(PtCl 2 )(2-tpt)} 2 (m-PtCl 2 )] in which the 2-tpt ligands are coordinated by two platinum atoms, see Scheme 7.
A series of mixed-valent Ru 2þ :Ru 3þ dinuclear complexes have been described by Lahiri [18a] . In these dinuclear complexes, the 2-tpt ligand binds the Ru 2þ ion through a standard terpyridine-like coordination site, while the Ru 3þ ion coordinates a remaining nitrogen atom of the triazine ring and the adjacent carbon atom of the uncoordinated pyridyl group (Fig. 8) . The formation of a RueC À bond from a pendant pyridyl group has been previously observed in related complexes [48] 
Trinuclear derivatives
Trinuclear complexes of 2-tpt are extremely rare and to the best of our knowledge only two publications deal with these derivatives. However, on Scifinder the structure of a third complex, a bicyclo [2. obtained by mixing CuI, 2-tpt, 1,2-bis(diphenylphosphino)ethane and acetonitrile in a sealed reactor heated at 180 C for 60 h [49] . The molecular structure of this unique trinuclear 2-tpt system (Form H 3 in Scheme 3) is presented in Fig. 10 .
The symmetrical trinuclear derivative of the formula [{Co (bfac) 2 } 3 (2-tpt)] (bfac ¼ (benzothiophen-3-yl)-trifluoro-acetylacetonato) in which the 2-tpt ligand is surrounded by three cobalt atoms coordinated through the three equivalent bipyridine-like sites (form G 3 in Scheme 3), has been proposed based on elemental analysis and spectroscopic measurements [50] . The molecular structure of the trinuclear complex is presented in Fig. 11 .
Coordination chemistry of 2,4,6-tri(pyridin-3-yl)-1,3,5-triazine
The extended and potentially planar tri-aryl ring system in 3-tpt with multiple coordinating groups at the periphery has been barely used in coordination chemistry. As opposed to the 4-tpt isomer (Section 5), in 3-tpt a rotation by 180 of one of the three CeC triazine-pyridyl bonds reduces the threefold symmetry, thus generating atropoisomerism before coordination (Scheme 8).
Consequently, the synthesis and characterisation of well-defined complexes, metalla-assemblies or coordination networks with the tridentate 3-tpt ligand remain difficult and hazardous.
Coordination networks
The construction of coordination networks and coordination polymers has received a great deal of attention in recent years [51] . These large structures offer interesting opportunities for applications as receptors, devices and catalysts. Incorporation of metal ions in the synthesis of polymers and networks allows the introduction of new chemical functions in these supramolecular devices. Therefore, it is not surprising that 2,4,6-tri(pyridyl)-1,3,5-triazine derivatives have been employed in the preparation of coordination networks.
Indeed 
Discrete supramolecular assemblies
The synthesis of discrete, well-defined, supramolecular metallaassemblies using 3-tpt ligands is quite uncommon. The difficulty of forming discrete metalla-assemblies with 3-tpt ligands resides in controlling the orientation of the pyridyl groups prior to the coordination of the metal centres (Scheme 8). Nevertheless, a few examples can be found in the literature. Bowl-shaped hexanuclear Pd and Pt coordination cages of the general formula [M 6 (en) 6 (3-tpt) 4 ] 12þ (en ¼ ethylenediamine), able to encapsulate guest molecules, have been described by Fujita [54] . The molecular structure of the palladium cage, which is identical to the platinum analogue, is presented in Fig. 13 . The hydrophobic cavity of these cationic hexanuclear assemblies has been used to act as a microreactor for catalytic reactions [55] 2 ] 6þ (arene ¼ p-cymene, hexamethylbenzene), in which the two arene ruthenium 3-tpt panels are linked together in a face-to-face arrangement by chloro bridges have been recently described [59] . [59] .
Interestingly, two isomers were found for the p-cymene derivative, while only the threefold symmetrical isomer was obtained for the sterically more demanding hexamethylbenzene analogue (Fig. 15) .
Coordination chemistry of 2,4,6-tri(pyridin-4-yl)-1,3,5-triazine
Among all known 2,4,6-tri(pyridyl)-1,3,5-triazine isomers, 4-tpt is undeniably the most versatile. The tridentate ligand possesses D 3h symmetry, which cannot be lost easily upon coordination of three metal centres. The ligand can remain perfectly planar if necessary and the three pyridyl groups are equally accessible for complexation. Therefore, 4-tpt has been not only exploited in coordination chemistry, supramolecular chemistry and in preparing coordination networks, but has also been used as template for the controlled formation of multimetallo-porphyrin arrays.
A few examples in which 4-tpt is used as a monodentate ligand can be found in the literature. . The molecular structure of this mononuclear manganese complex is presented in Fig. 16 .
Metallo-porphyrin arrays
Pioneered by Sanders about 15 years ago [62] , the construction of metallo-porphyrin arrays using 4-tpt as template has been extensively studied. These systems have potential interest as models to mimic natural light-harvesting complexes, and also materials in the preparation of extended p-systems for organic semiconductors, molecular sensing, and molecular-sized boxes or networks with large channels/cavities for selective molecular recognition and catalysts.
The first strategy developed by Sanders to afford well-defined metallo-porphyrin arrays is illustrated in Scheme 9. This strategy is based on the combination of two unsymmetrical metallo-porphyrins and one symmetrical di-alkyne metallo-porphyrin coupled under Pd-catalytic conditions and, after deprotection of the terminal alkyne groups, a final cyclization by GlasereHay coupling [62] . The presence of 4-tpt is not essential to form the trinuclear system, however the yield is greatly improved by addition of 4-tpt during the cyclization process, due to the templating effect of the tridentate ligand. Accordingly, a wide range of trinuclear metallo-porphyrin arrays involving 4-tpt has been obtained following similar synthetic routes using multiple coupling reactions between pre-oriented functionalised metallo-porphyrins [5, 63] .
By replacing the zinc porphyrin by ruthenium porphyrin units such as carbonyl [5,15-bis(3,5- 
hexyl-3,7,13,17-tetramethylporphyrinato]ruthenium, three Ru(CO) porphyrin monomers have been coordinated around 4-tpt, thus providing a highly stable trinuclear metallo-porphyrin array [64] . The molecular structure shows a closed pack arrangement of the three metallo-porphyrin moieties with the 4-tpt ligand being situated in the core of the triangular assembly and the carbonyl ligands pointing outwards (see Fig. 17 ). The cavity of a supramolecular metalla-square built from [ReCl (CO) 3 ] corners and {5,15-di(4-pyridyl)-2,8,12,18-tetra n butyl-3,7,13,17-tetramethylporphyrinato}zinc connectors has showed good affinity for 4-tpt [65] , while the orientation of multilayers assembly deposited on surfaces, constituted of (tetra-pyridyl-porphyrinato)zinc porphyrins and 4-tpt building blocks, was found to be influenced by the presence of the tridentate 4-tpt ligand during the deposition process [66] . 
Coordination networks
As previously mentioned in Section 4.1 the preparation of supramolecular networks can be accomplished by a judicious combination of organic ligands and metal ions, thus giving rise to 1D, 2D or 3D metaleorganic frameworks [51, 67] . Accordingly, as for the 3-tpt ligand, metaleorganic frameworks involving 4-tpt and metal centres have been prepared by several groups.
Inspired by the work of A.F. Wells [68] , Robson and his co-workers have generated over the last 15 years several coordination networks by combining 4- 2 ] n $2nMeOH [70] . Similarly, a coordination network with interlocking lattices and double helices involving bimetallic Rh 2 (DAniF) 2 (DAniF ¼ N,N 0 -di-p-anisylformamidinate) building blocks and 4-tpt has been described by Cotton and Murillo [71] . In the solid state strong p-stacking interactions were observed between parallel 4-tpt connectors of the 2D network [{Rh 2 (DAniF) 2 } (O 2 CCH 2 CO 2 ) 2 (4-tpt) 2 ] n $3nCHCl 3 $nCH 2 Cl 2 , see Fig. 18 .
A three-dimensional coordination network containing copper cyanide and 4-tpt ligands has been prepared by Li and co-workers [72] . The structure shows the Cu 1þ ion to adopt a trigonal geometry with two cyanides and the nitrogen atom of a pyridyl group being coordinated, thus forming a [Cu 3 (CN) 3 (4-tpt)] n coordination network, as presented in Fig. 19 . Other interesting coordination networks built around Cu 1þ and Cu 2þ ions have been described [53, 73] . They all show great potential as metaleorganic frameworks. A combination of hydrogen bonding and coordination chemistry has allowed the construction of a coordination network consisting of two interpenetrating chains. (4-tpt) ] n $n solvent molecules (dmb ¼ dibenzoylmethane) [75] . The nature of the solvent significantly changes the supramolecular organisation, thus modifying the antiferromagnetic properties of these Co 2þ coordination networks.
With the view of generating porous materials with new properties, different shapes and new chemical functionalities, the linkage of metal containing layers with 4-tpt has been explored [76] . The insertion of 4-tpt instead of the traditional bi-pyridyl linkers has yielded interesting materials. Among these interesting materials involving 4-tpt, coordination nanotubes have been described [77] . The nanotubes are assembled at the interface of an aqueous solution of HgCl 2 , and a chloroform solution of 5,10,15,20- tetrapyridylporphyrin and 4-tpt.
Discrete supramolecular assemblies
The coordination of polynuclear clusters around the 4-tpt ligand has been studied with the view to generate systems with enhanced electronic properties. [79] clusters coordinated to a 4-tpt core have been synthesised. In all cases, the 4-tpt ligand is surrounded by three cluster units, thus keeping its threefold symmetry even after complexation. The rich electrochemistry of these multicluster systems was studied and it showed interesting electronic properties.
Trinuclear systems coordinated to the pyridyl groups of a central 4-tpt ligand, incorporating pentamethylcyclopentadienyl cobalt, rhodium and iridium units containing an ancillary ortho-carborane-1-2-dithiolato or ortho-carborane-1-2-diselenolato ligands, have been recently prepared by the group of Jin [80] . These multinuclear complexes with ancillary carboranyl groups offer new structural perspective and the introduction of original functions [81] . The simplest three-dimensional assembly is the triangular prism which requires only five components, two triangular panels (4-tpt for example) and three linear connectors (Scheme 10). Therefore, it is not surprising to find in the literature numerous examples of triangular prisms built with 4- [85] have been assembled with various connectors. Interestingly, a slight deviation from an eclipsed conformation of the two 4-tpt units introduces chirality in these systems [87] . Triangular prisms built with longer connectors have allowed the inclusion of molecules within the cavity of the prism, thus giving rise (Fig. 20) , as well as planar aromatic compounds of various sizes. In these systems the encapsulated guest is stable, with the physical properties of the prism being retained following encapsulation. The biological activity of some of these carceplexes has been evaluated and encouraging results obtained. The metalla-prism itself exhibits some activity which increases with the encapsulation of a guest, suggesting transport and leaching of the guest once inside the cell. The ability of the cationic cage to deliver guest molecules to cells was further confirmed by encapsulation of a fluorescent labelled pyrene-R derivative (1-(4,6-dichloro-1,3,5-triazin-2-yl)pyrene), and fluorescence spectroscopy was used to monitor uptake and release of the pyrene-R molecule in cancer cells [84g] . A ten component system, in which two triangular prisms of the general formula [{Pd(en)} 3 (tpmt) (4-tpt)] 6þ (tpmt ¼ 2,4,6-tris(4-pyridinylmethylphenyl)-1,3,5-triazine) are interlocked, has been described by Fujita [88] . The thermodynamically driven interlocked system is obtained after 3 days in D 2 O at 100 C (Scheme 11). Similar strategy was used to generate an even larger interlocked system in which four pyrene molecules were encapsulated in the multistacked aromatic assembly [89] . Likewise, stack of porphyrin molecules was obtained in the more spacious hexanuclear prism, [{Pd(en)} 6 (L bpy ) 3 (4-tpt) 2 ] 12þ (L bpy ¼ 2,2 0 -6,6 0 -tetramethyl-4,4 0 -bipyridine or 1,4-bis (2,6-dimethylpyridin-4-yl) benzene) [90] . These two multistacked porphyrin systems exhibit unique UV/vis and ESR properties. The most studied coordination cages are those generated with 4-tpt panels and M(en) 2þ corners (en ¼ ethylenediamine; M ¼ Pt, Pd),
[{M(en)} 6 (4-tpt) 4 ] 12þ (Fig. 21) . Introduced by Fujita in 1995 [91] , the three-dimensional M 6 L 4 cage compound possesses T d symmetry and diagonal MeM distances of 22 Å, thus providing a large hydrophobic cavity [92] . These coordination cages have been extensively used as molecular flasks to study reactivity and properties of molecules within a confined well-defined environment [93] . A similar cationic coordination cage of the formula [{Ru (aneS 4 )} 6 (4-tpt) 4 ] 12þ (aneS 4 ¼ 1,4,7,11-tetrathiacyclododecane) , in which four 4-tpt panels are connected by six Ru(aneS 4 ) 2þ instead of the Pd(en) 2þ or Pt(en) 2þ corners, has shown a bathochromic shift of the MLCT band upon encapsulation in its cavity of 1-adamantanol guest molecule [94] .
6. Other 2,4,6-tri(pyridyl)-1,3,5-triazine derivatives
Although the symmetrical 2,4,6-tri(pyridyl)-1,3,5-triazine derivatives, 2-tpt, 3-tpt and 4-tpt, are quite easy to prepare, only one asymmetric isomer, 2,4-di(pyridyn-2-yl)-6-(pyridyn-4-yl)-1,3,5-triazine (2,2,4-tpt) , has been isolated, characterised and used in coordination chemistry [8] . This asymmetric ligand was coordinated to ruthenium in view to prepare luminescent complexes of the type [Ru(tpy) 2 (2,2,4-tpt)] 2þ [95] . The molecular structure of this cationic complex is presented in Fig. 22 .
Outlook
The coordination adaptability of 2,4,6-tri(pyridyl)-1,3,5-triazine derivatives has been emphasised in this review, and in view of the number of recent publications dealing with this family of polypyridyl ligands, the era of 2,4,6-tri(pyridyl)-1,3,5-triazine derivatives is not over yet and these versatile ligands will surely find in the future new applications in coordination chemistry.
